1% penicillin/streptomycin. HeLa and MSF cells were grown as monolayers, whereas Raji and HL-60 cells were grown in suspension. Synchronization HeLa or MSF cells (about 70% confluent) were seeded in T-60 plates and starved in serum-free medium for 24 h. Cells were then treated with 5 µg/ml aphidicolin in fresh medium supplemented with 15% FCS and incubated for another 24 h. For Raji and HL-60, 1ϫ10 6 cells were plated in T-100 plates and treated like HeLa cells except that aphidicolin was present at a concentration of 2 µg/ml. UV-and γ-irradiation UV-irradiation was delivered at room temperature using a germicidal UV light Fig. 2 . Cell cycle distribution of HeLa cells either following exposure to (chiefly 254 nm). The fluence rate of the UV light source, which was measured γ-rays or UV light. Synchronized cells at G 1 /S boundary were either shamprior to each experiment with a UVX radiometer (Spectronics, NY) was about irradiated or exposed to (A) UV, or (B) γ-rays. Cells were immediately 1 J/m 2 /s. Cells were irradiated in the absence of medium, whereupon fresh released to permit resumption of cycling and re-incubated for the period of medium supplemented with 15% FCS was added and finally the cells were time (h) indicated before being subjected to flow cytometric analysis. immediately re-incubated at 37°C. γ-Irradiation was administrated by a cobalt
Results are representative of several experiments. source at a dose rate of~0.62 Gy/min. Figure 1 Cells were starved in serum-free medium for 24 h, then were irradiated either shows that following this treatment, more cells accumulated with UV light (10 J/m 2 ) or γ-rays (10 Gy) before replating them in the same with a G 1 DNA content; hence, only one peak at the 2n starving medium. Cells were collected at various times, and DNA purified following the method used by Bissonnette and Hunting (15) . In brief, 2ϫ10 6 position is present (Ͼ70% of cells), while the second one cells were harvested and incubated in 700 µl lysis buffer (10 mM EDTA and representing cells with a 4n DNA content disappeared. This 0.6% SDS) and NaCl solution was added to give a final concentration of treatment allowed the accumulation of cells with G 1 DNA 1 M. After 18 h incubation at 4°C the lysates were centrifuged for 30 min. content; however, the distribution of cells within G 1 phase is
The supernatants were then incubated with proteinase K and brought to 1.3 M NaCl before isopropanol precipitation. Pellets were resuspended in TE and not clear. Figure 2A shows that following the removal of aphidicolin, the control cells resumed cycling immediately in a synchronous inactivates p53 by targeting it for rapid proteasome-mediated degradation via the ubiquitin pathway (16) . Several studies manner, and 8 h later the majority (70%) had a S/G 2 DNA content. This clearly shows that the cell population is greatly have shown that the pathways both upstream and downstream of p53 are intact in cervical cancer (17). For these reasons, synchronized.
On the other hand, the vast majority of the UV-irradiated cells HeLa cells were used here to further explore the cellular response to UVC in the absence of functional p53. To (60%) remained in G 1 throughout the initial 12 h subsequent to UV exposure with only a small fraction of cells (not more accomplish this, it was essential to develop a synchronization protocol which yields highly synchronized cells, in order to than 25%) entering S phase ( Figure 2A ). This shows that in contrast to the non-irradiated cells, the UV-treated ones were study cellular behavior in response to DNA damage in a homogeneous cell population, which progress synchronously delayed at the G 1 /S border for~12 h before resuming cycling. At 24 h post-irradiation, 32% of the UV-irradiated cells were through the cell cycle. Starvation alone usually leads to the accumulation of cells in G 0 /G 1 phase without allowing a in S phase, in comparison to only 12% of the non-irradiated cells. This observation reveals the existence of another UVgood synchronization. To obtain a highly synchronous cell population, we combined both, starvation and treatment with dependent delay in S phase. This parallels the facts that p53 is not required for triggering the DNA damage-induced S phase aphidicolin, as outlined in Figure 1 . Exponentially growing arrest. This experiment showed a proficiency of the HeLa cells in the pathway sustaining cellular arrest in late G 1 in response to UV light, despite the absence of functional p53 protein.
HL-60 cells exhibit UV-mediated late G 1 -arrest
To address whether other p53-deficient cells are also proficient in UV-induced G 1 checkpoint control, we used the human promyelocytic leukemia HL-60 cell line which does not express followed by aphidicolin treatment and finally sham-treatment or exposure to either UV (10 J/m 2 ) or γ-rays (10 Gy). Figure  4A shows that following aphidicolin treatment Ͼ70% of the cell cycle checkpoint (18) (19) (20) . This result further indicates that HL-60 cells have a G 1 DNA content. Six hours after the HeLa cells are proficient in a prolonged cell cycle delay at release, only~29% of the non-irradiated cells remained with late G 1 in response to UVC. a G 1 DNA content while~50% entered S phase. At the same Since p53 is a key player in cellular arrest upon exposure time, Ͼ55% of the UV-irradiated cells were delayed in G 1 and to IR, the response of HeLa cells to γ-rays was analyzed to only~9% were in S phase (Figure 4b ). Twenty-four hours check whether or not they were deficient in delaying the cell subsequent to cellular release, the percentage of non-irradiated cycle at late G 1 phase following IR-damaging DNA. As for cells in S phase decreased to 14%, at which time~30% of the UV-irradiation experiments, cells were synchronized using irradiated cells had progressed to this phase. This finding the same protocol as described in Figure 1 , and were then shows that this cell line is still able to delay its cell cycle at split into two sub-populations, whereupon one was exposed G 1 /S border following UV treatment, and that this delay lasts to γ-rays (10 Gy) and the other acted as a non-irradiated for at least 8 h in response to 10 J/m 2 . As previously reported control. Upon aphidicolin withdrawal, the irradiated and non-(22), HL-60 cells when treated with γ-rays, did not show any irradiated cells were released to resume cycling. Both subdelay of the cell cycle, and the evolution of the cell cycle was populations entered synchronously into S phase and had a similar to that of the non-irradiated cells (data not shown). significant G 2 DNA content 10 h subsequent to the release, Similar results were obtained with the Raji cell line (wherein which was independent of the irradiation status ( Figure 2B ). p53 is malfunctionally mutated) (data not shown), indicating However, as observed in response to UV at 24 h postthat this cell line is also proficient in the UV-dependent G 1 irradiation, the γ-ray-irradiated cells showed a delay in both S checkpoint. Therefore, in addition to HeLa cells, Raji and and G 2 phases, not observed in the non-irradiated cells.
HL-60 cells exhibit a differential response following exposure Therefore, the S phase checkpoint seems normal in these cells to ionizing radiation or UV light, proving that p53, which is when challenged by either UVC or IR. This indicates that non-functional in all these cell lines, is not essential for UVmost of the aphidicolin-treated cells were rather in late G 1 induced transient growth arrest in late G 1 phase. than in early S phase. It is therefore clear that in contrast to UV light, γ-rays did not induce growth arrest of HeLa cells at UV-dependent induction of apoptosis in G 1 -synchronized the G 1 /S border, implying that they are deficient in the G 1 cell HL-60 cells cycle checkpoint in response to γ-rays but not to UV light.
The cell cycle delay displayed by HL-60 cells at the G 1 /S What is the status of p53 in the G 1 /S arrested HeLa cells border was accompanied by an increased apoptotic response used in these experiments? Using an immunoblotting assay following UV exposure compared with non-irradiated cells and G 1 -synchronized HeLa cells treated as described above, ( Figure 4A ). The fraction of cells undergoing apoptosis was no p53 protein was detected either before or during the 24 h estimated by flow cytometry from the proportion of cells post-UV-irradiation. However, it was present in a Raji cellhaving a DNA content less than that present in the G 0 /G 1 free extract used as a positive control (data not shown). These peak. Previous studies have shown that HL-60 cells die by results show that with respect to the G 1 checkpoint, p53-apoptosis following DNA damage and that the sub-G 0 /G 1 compromised HeLa cells exhibit a differential response fraction correspond to apoptotic cells (22-24). Analysis was following exposure to ionizing radiation or UV light, suggesting carried out here on the same cells used to monitor cell cycle that p53 is not essential for the latter.
progression described above ( Figure 4A ). Figure 4C shows UV-induced arrest at G 1 /S border is dose-dependent that apoptosis was observed very early after UV treatment and that the proportion of apoptotic cells (cells with less than G 1 To explore whether or not the UV-induced G 1 arrest observed in HeLa cells could be obtained by lower UV doses, synchronamount of DNA) increased proportionally with time. At 2 h post-UV-irradiation, only~8% of cells were apoptotic. After ized cells were split into four different populations. One was not irradiated (control) and the others were irradiated with 6 h of incubation, while the majority of UV-treated cells were still delayed in G 1 phase (55%) ( Figure 4A ),~28% underwent three different UVC-fluences (5, 10 and 20 J/m 2 ) and then released to reenter the cell cycle. Figure 3 shows that the nonapoptosis. On the other hand, the fraction of cells that underwent apoptosis among the non-irradiated cells did not change irradiated cells resumed cycling immediately after release with Ͼ60% of cells reaching S phase 4 h later. However, the UVsignificantly ( Figure 4C ). These results point to the ability of UV-treated HL-60 cells to concomitantly undergo both p53-treated cells were delayed in G 1 . At 4 h post-irradiation with the three different doses,~75% of cells were still in G 1 , independent apoptosis and cell cycle arrest. These cellular DNA damage responses have been rarely reported in the same indicating that the cellular growth of HeLa cells is delayed at the G 1 /S border even in response to very low UV fluence. cell type. These data also reveal that HL-60 cells are subject to UV-mediated apoptosis while they are in G 1 . To make sure Furthermore, the cell cycle delay period increased proportionally with UV dose, revealing a dose-dependent cellular growth that the proportion of apoptotic cells observed above does not 
p53 -/-knock-out mouse skin fibroblasts are proficient in UVinduced cell cycle delay at G 1 /S border
After showing that p53 is not essential for UV-induced G 1 arrest in different human tumor cell lines, we wanted to characterize this phenomenon further, making use of isogenic mouse skin fibroblast (MSF) strains. To do so, normal and p53 -/-MSF cells were synchronized at the G 1 /S border as described above and were then either UV-irradiated (10 J/m 2 ) or sham-treated. Next, cells were allowed to resume growth, and their cell cycle distribution was analyzed by flow cytometry. Figure 6A shows that in p53 ϩ/ϩ MSF cells, a delay in growth occurred following treatment with UV. After aphidicolin treatment,~50% of the cells presented a G 1 DNA content pattern, which did not significantly change 24 h subsequent to aphidico- cells. Figure 6B shows similar results, demonstrating that p53 -/-MSF cells also underwent a cell cycle arrest following UV irradiation, while the non-irradiated cells resumed cycling. correspond to the cells that escaped the cell cycle delay in G 1 , G 1 -synchronized cells were UV-irradiated and held in serumAs in the case of the wild-type cells, the p53 -/-cells were also arrested for up to 24 h, 64% of cells being in G 0 /G 1 at the free medium to keep them in G 1 . Even under these starving conditions, an increased apoptotic response was observed time of irradiation and the same distribution was found 24 h later. This shows that p53 is not required for cell cycle arrest following UV treatment similar to that described in Figure 4C (data not shown). This suggests that UV-induced DNA damage at late G 1 in mouse cells as well.
cycle arrest. The p53-compromised Li-Fraumeni fibroblasts, for instance, delay the cell cycle in G 1 phase following UV irradiation (26) . During these experiments, cells were accumulated in G 0 /G 1 by starvation, then trypsinized and replated after irradiation. Moreover, it has also been shown that the p53 downstream effector, p21 waf1 , is transactivated in a p53-independent manner in both Li-Fraumeni fibroblasts and p53-knock-out mouse cells (26, 27) . Therefore, p21 waf1 activation and its concomitant G 1 arrest in response to UVC can take place independently of p53 through a hitherto undefined pathway.
On the other hand, p53 seems to be essential for the cellular network underlying the response to agents causing DNA strand breaks. In response to γ-radiation, p21 waf1 up-regulation and its concomitant cell cycle arrest are dependent on p53 (12, 28) . Moreover, the ATM protein is required for p53 activation and phosphorylation at its Ser 15 residue in response to ionizing radiation (6, 29) . However, similar p53 phosphorylation occurs in response to UV-induced DNA damage (30) , but ATM plays only a minor role in this response, which is under the control of the ATR protein kinase (6, 7, 31) . These data show that p53 and ATM belong to the same pathway, specific for γ-ray effector components. Indeed, it has been shown recently that UV light induction of p53 correlated with inhibition of mRNA Discussion synthesis, which was, however, not significantly inhibited by the DNA strand-breaking agent ionizing radiation, although To cope with DNA damage, cells delay at different points in the cell cycle, activate specific DNA repair pathways and in this agent causes cellular accumulation of both p53 and p21 waf1 (25, 32) . Accordingly, UV and IR may trigger p53 induction/ some circumstances, induce programmed cell death (apoptosis). The product of the tumor suppressor gene p53, plays a central activation through different pathways, using different mediators and probably different DNA damage-sensing factors. role in coordinating these responses in order to maintain genomic integrity and hence prevent neoplastic transformaThus it would seem that there are different forms of activated p53, dependent on the nature of the agent triggering the p53 tions. p53 is essential for the response underlying the cell cycle checkpoints triggered by γ-rays; however, its role in the response. It was indeed recently shown that stabilization and activation of p53 are regulated independently by different pathways leading to cell cycle delay in response to UV light awaits clarification. phosphorylation events (33) . Since p53 does not seem to be required for the execution In this report, we show that different p53-deficient human tumor cell lines (HeLa, HL-60 and Raji), in addition to mouse of the UV-induced G 1 checkpoint, what could be the role of p53 phosphorylation/activation in response to UV-light? In skin fibroblast cells, undergo UVC-induced cell cycle arrest at late G 1 phase. This was achieved by developing a synchronizaaddition to its role as a cell cycle checkpoint mediator, p53 is also involved in the nucleotide excision repair process tion protocol, which allowed us to monitor the progression through the cell cycle of a high proportion of cells. This (34) (35) (36) (37) (38) (39) (40) , apoptosis and the transcriptional activation of several genes (4, 13) . Hence, the activation of p53 by UV may be facilitated the comparison between the behavior of irradiated and non-irradiated cells. Cells were synchronized at G 1 /S essential for one of these DNA metabolism processes such as DNA repair or apoptosis. In the present study we have border, and upon treatment with low UV-fluences, showed a delay in entering S phase as compared with non-irradiated shown that UV-treated HL-60 cells undergo p53-independent apoptosis as well as cell cycle arrest. Interestingly, apoptosis cells. The duration of the growth arrest was dose-dependent, lasting for~12 h in the case of HeLa cells treated with a UVwas observed following UV-treatment of G 1 -enriched population that had been starved after irradiation to hold the cells in fluence of 20 J/m 2 . This could be explained either by a lack of p53 involvement in UV-induced G 1 arrest in mammalian the same phase. On the other hand, these cells were resistant to apoptosis when challenged with γ-rays. These results show cells, or by the presence of two signal transduction pathways in response to UV-induced DNA damage, one p53-dependent that UV but not γ-rays can trigger apoptosis in HL-60 cells even when the cells are in G 1 , in the absence of DNA and the second p53-independent. In the case of the cells used during the present study only the p53-independent pathway replication. This parallels what has been reported previously, concerning the cell cycle related differences in susceptibility would be active. So far, there is no direct evidence that p53 is required for UV-induced G 1 delay. It has been widely of HL-60 cells to apoptosis induced by various antitumor agents. It has been shown that for some genotoxic agents, reported that human p53 protein accumulates and becomes activated in response to UV (10, 25) . This result only shows a such as ionizing radiation and nitrogen mustard, apoptosis was cell cycle-phase specific. While IR preferentially triggers UV-dependent p53 modification, but does not necessarily mean that UV light-induced G 1 arrest is p53-dependent; in short the apoptosis in G2/M cells, nitrogen mustard preferentially activates apoptosis in G 1 cells (22,41). latter should be proven. However, there are indications that p53 is not part of the pathway mediating UV-induced G 1 cell
In conclusion, the response to UV light versus ionizing
